Epichlo€ e species and their anamorphic relatives in genus Neotyphodium are fungal symbionts of grasses ubiquitously existing in temperate regions all over the world. To date, 13 Epichlo€ e species and 22 Neotyphodium species have been formally described, based on morphological characters and phylogenetic analyses. Leymus chinensis (Poaceae) is a dominant grass native to the Inner Mongolia steppe of China. Previously, it was reported to harbor endophytes, but little was known about these endophytes. To investigate their diversity and taxonomy, 96 fungal isolates were obtained from three field populations of L. chinensis. The isolates were classified into three morphotypes based on morphological characters and phylogenetic analyses of sequences of genes for b-tubulin (tubB), translation elongation factor 1-a (tefA), and actin (actG). The dominant morphotype, morphotype I, was identified as a choke disease endophyte, Epichlo€ e bromicola. This broadened the host range and phylogenetic definition of E. bromicola.
Introduction
Epichlo€ e Tul. species and their anamorphic relatives in genus Neotyphodium (Glenn et al., 1996) (family Clavicipitaceae) -collectively called Epichlo€ e endophytes-are symbionts of grasses (Poaceae) in the subfamily Pooideae (Moon et al., 2007) . Most previous studies show that the epichlo€ e endophytes could confer to their hosts many competitive advantages via increased herbivore and pathogen resistance due to alkaloids produced by the fungus (Clay, 1988 (Clay, , 1990 Malinowski & Belesky, 2000; Schardl et al., 2004) , increased aboveground and belowground vegetative and reproductive growth (Marks et al., 1991) , increased drought tolerance (Arachevaleta et al., 1989; West, 1994; Elmi & West, 1995; Kannadan & Rudgers, 2008) , and altered physiological parameters, such as N use efficiency, carbohydrate allocation, or phytoactive hormones (Belesky & Fedders, 1996; Marks & Clay, 1996; Malinowski et al., 1997; Newman et al., 2003) . However, growing studies on the native grasses show contrary results. In Arizona fescue (Festuca arizonica), Neotyphodium starrii infection decreased the herbivore resistance and growth (Tibbets & Faeth, 1999; Faeth & Sullivan, 2003) , as well as competitive abilities (Faeth et al., 2004) of the host grass. When perennial ryegrass (Lolium perenne) was grown under conditions of extremely poor nutrient availability, Neotyphodium lolii infection led to a reduced root:shoot ratio and photosynthetic shoot fraction (Cheplick, 2007) .
It is estimated that approximately 20-30% of all 3000 grass species host systemic endophytes (Leuchtmann, 1993) . To date, 13 Epichlo€ e species and 22 Neotyphodium species have been formally described, based on characteristics such as morphology, host specificity, mating tests, and isozymes, and more recently by DNA sequences (White, 1993; Leuchtmann, 1994; Leuchtmann & Schardl, 1998; Schardl & Leuchtmann, 1999; Moon et al., 2002) . To evaluate new species and determine the phylogenetic relationships of Epichlo€ e endophytes, sequence analyses of genes for b-tubulin (tubB), translation elongation factor 1-a (tefA), and actin (actG) are frequently employed (Moon et al., 2002; Zhang et al., 2012) . These approaches have been highly informative within the grass endophyte group (Craven et al., 2001a,b) . Moon et al. (2002) characterized several new Neotyphodium species from grasses native to New Zealand, Australia, and the USA and conducted phylogenetic analyses of the tubB, tefA, and actG.
Meanwhile, they discovered interspecific hybrids among asexual fungal endophytes of grasses that were of prevalence and widespread on the global scale (Moon et al., 2004) . Gentile et al. (2005) investigated the phylogenies of 27 Neotyphodium spp. isolates from 10 native grass species throughout Argentina, performing phylogenetic analyses of tubB and tefA sequences. They also found that interspecific hybridization was common in the evolution of these endophytes. Several new Epichlo€ e species were also reported to be symbiotic with grasses indigenous to China through phylogenetic analyses (Li et al., 2004 (Li et al., , 2006 Chen et al., 2009; Ji et al., 2009; Kang et al., 2009 Kang et al., , 2011 Zhang et al., 2009) . With more and more new epichlo€ e endophytes being discovered, an overall understanding of the phylogeny of these fungi will contribute to the utilization of this diverse resource and genetic background information for turfgrass breeding, improvement, and protection.
Leymus chinensis (Poaceae), one of the most important dominant grasses in the Inner Mongolia steppe, has been reported to harbor endophytes (Nan, 1996; Wei et al., 2006) . In the present study, we focused on the morphological diversity and taxonomy of the endophytes associated with populations of L. chinensis.
Materials and methods

Study area
The Inner Mongolia steppe is an important part of the Eurasian steppe. It has the temperate continental climate that varies from semiarid to arid from the east to the west. The annual mean air temperature is 0-8°C. The number of frost-free days is 100-120. From the east to the west, the annual precipitation averages from 450 to 200 mm, and the dominant species change correspondingly from mesophytes or xerophytically mesophytes to xerophytes or strong xerophytes over the region. Most of the region is used for grazing.
In the middle and northeast parts of the Inner Mongolia steppe, L. chinensis is one of the most important dominant species. It is a rhizomatous grass that is rich in nutrients for grazing, and has been transplanted for its growth ability and good tolerance to salinity, drought, and cold stress.
Populations and sampling
During the summer of 2009, we examined endophyte infection rates of L. chinensis in 12 local populations from the middle to the northeast, which covers the main distribution area of L. chinensis in the Inner Mongolia steppe, China (Fig. 1 ). Endophyte infection rates in most sites were low, ranging from 0% to 9.1%. Only in the Abaga Banner population was the endophyte infection rate relatively high (63.3%). During the summer of 2010, we focused on three populations within a range of 52 km (38 km between POP1 and POP2, 17 km between POP2 and POP3, 52 km between POP1 and POP3) in the Abaga Banner. In this area, the annual mean air temperature is 1.3°C. The mean temperature in the coldest month (January) is À21.2°C, and the mean temperature Within each of the three populations, 100 plant individuals were sampled with an interval of 5-10 m between them. Three tillers were randomly cut off from each plant, and the outermost nonsenescent leaf sheath of each tiller was used for the detection of endophytes, using the aniline blue staining method (Latch et al., 1987) . The endophyte-infected (EI) plants were brought back, then maintained in a greenhouse, and observed for stromata appearance in an experimental garden on the Nankai University campus.
Isolation of endophytes and morphological evaluation
To isolate the endophytes, one tiller of each EI plant was randomly selected, and the method described by Latch & Christensen (1985) was used with a slight modification that the time for sodium hypochlorite treatment was 8-10 min, and the petri plates were incubated in the dark at 25°C and regularly examined for endophyte growth up to 4 weeks.
To examine the characters of endophyte cultures, small agar blocks (c. 1 mm 2 ) were cut from the margins of actively growing fungal colonies and transferred to inoculate PDA plates (Moon et al., 2002) . This process was repeated three times. The plates were incubated in the dark at 25°C. The colony diameter was measured every day for 2 weeks, and the macroscopic observations were made 2 weeks later. When the fruiting structures, if produced, were present, the microscopic observations were taken. Dimensions of hyphae, conidia, and conidiogenous cells were measured on at least 10 replicates per isolate.
DNA extraction, amplification, and sequencing
Total genomic endophyte DNA was isolated using the method described by Cenis (1992) with a slight modification that fresh mycelia (c. 100 mg) were scraped from the surface of PDA plates and ground with extraction buffer by a mortar and pestle (with 50 mg silica sand) for 3-5 min.
Gene regions of tubB, tefA, and actG used for phylogenetic analyses were amplified by PCR with primers synthesized according to Moon et al.(2002 Moon et al.( , 2007 : tub2-exon1d-1 (5′-GAG AAA ATG CGT GAG ATT GT-3′) and tub2-exon4u-2 (5′-GTT TCG TCC GAG TTC TCG AC-3′); tef1-exon1d-1 (5′-GGG TAA GGA CGA AAA GAC TCA-3′) and tef1-exon5u-1 (5′-CGG CAG CGA TAA TCA GGA TAG-3′); act1-exon1d-1 (5′-TAA TCA GTC ACA TGG AGG GT-3′) and act1-exon6u-1 (5′-AAC CAC CGA TCC AGA CAG AGT-3′).
PCRs were performed in 50-lL volumes containing 1 9 PCR buffer, 1.5 mM MgCl 2 , 125 lM each dNTP (dATP, dCTP, dGTP, and dTTP), 200 nM of each primer, 2.5 U Taq DNA polymerase (Sangon Biotech Co. Ltd), and 50 ng of fungal genomic DNA. And PCRs were carried out in a Biometra T1 Thermocycler with an initial incubation at 94°C for 9 min, followed by 40 cycles of 94°C for 1 min, 52°C for 1 min, and 72°C for 2 min, and a final incubation at 72°C for 5 min (Gentile et al., 2005; Zhang et al., 2009) . PCR products were sequenced by BGI Life Tech Co., Ltd via ABI 3730xl DNA Analyzer (Applied Biosystems). Sequences were deposited in GenBank (Table 1) .
Phylogenetic analysis
Sequences from representative strains of Epichlo€ e species and Neotyphodium species (Moon et al., 2002; Gentile et al., 2005; Lembicz et al., 2010; Zhang et al., 2012) were aligned with those found in this study employing Clustal W 1.83 (Chenna et al., 2003) . Alignments were checked for ambiguities and manually adjusted if necessary.
Phylogenetic analyses were performed with the PAUP* 4.0b10 (Swofford, 2002) using the maximum parsimony (MP) full heuristic search. Character states were equally weighted and unordered, and alignment gaps were treated as missing information. Bootstrap confidence values were estimated by 1000 replications search with 100 repetitions I  JN819475  JN819464  JN819453  207  I  JN819476  JN819465  JN819454  224  I  JN819477  JN819466  JN819455  229  I  JN819478  JN819467  JN819456  303  I  JN819479  JN819468  JN819457  312  I  JN819480  JN819469  JN819458  330  I  JN819481  JN819470  JN819459  336  I  JN819482  JN819471  JN819460  410  I  JN819483  JN819472  JN819461  414  I  JN819484  JN819473  JN819462  429  I  JN819485  JN819474  JN819463  214  II  JQ342176  JQ342173  JN836730  307  II  JQ342177  JQ342174  JN836731  324  II  JQ342178  -JN836732  407  II Diversity and taxonomy of endophytes from Leymus chinensis of random sequence additions and tree-bisection-reconnection (TBR) branch swapping. The Echinodothis tuberiformis (Clavicipitaceae, Ascomycota) sequences were chosen as the outgroup to root the trees as it is basal to the Epichlo€ e spp. (Kuldau et al., 1997; Schardl et al., 1997; Tadych et al., 2009; Zhang et al., 2012) . The sequences were also analyzed by the neighbor-joining (NJ) methods in the PAUP* program. For the NJ analyses, the trees were generated using the HasegawaKishino-Yano (HKY85) model of sequence evolution and 1000 bootstrap replications.
Results
Morphological characteristics
After sterilization and purification, 96 isolates of endophytic fungi were obtained, and only one had been isolated from each plant. According to the cultural characters on PDA medium and microscopic characters, they were divided into three morphotypes. Morphotype I (MTI) ( Fig. 2a and d) were white in obverse and tan to pale brown in reverse, and grew slowest of the three morphotypes. Morphotype II (MTII) (Fig. 2b and e) grew at a medium rate and looked pink to pale pink. Morphotype III (MTIII) (Fig. 2c and f) grew fastest and was white in obverse but yellowish in reverse. The conidia of MTI were ellipsoid to lunate and larger than those of MTII whose conidia were of fusiform shape. The conidia on the tip of each conidiogenous cell of MTI were few, while those of MTII were plenty and aggregated in slimy heads at the apex of each phialide. No conidium of MTIII was observed on the PDA medium ( Table 2 ). The conidiogenous cells of MTI were half as long as those of MTII.
No stroma was observed in our field investigation. However, they appeared in the experimental garden (Supporting Information, Fig. S1 ). Of the 96 plants we brought back from the Abaga Banner, 77 were infected by MTI, 10 by MTII, and 9 by MTIII. In 2011, stromata formed on 72.7% of 22 plants that were infected by MTI and produced reproductive stems. However, only three stromata appeared on one plant infected by MTII in 2010, and they disappeared in 2011. Besides, no stroma appeared on any of the nine plants infected by MTIII. The stromata of MTI locating on the top or in the middle of the culms were white and smooth in the early stage. After 3-4 weeks, they became orange and measured 16.5-36.6 mm long and 1.38-3.32 mm wide. The stromata on the plant that harbored MTII were located in the middle of the culms. They looked pink to pale pink and were shorter than those of MTI, and the culms broke off from where the stomata located. Unfortunately, the measurement was not taken in time.
According to the colony and micro-morphological characters, and the preliminary phylogenetic analyses (Figs. S2-S4), we identified MTI as Epichlo€ e sp., MTII as Acremonium sp., and MTIII as Fusarium sp. Further details of MTII and MTIII will not be included in the following context.
Diversity of endophytes from L. chinensis
Of all the isolated endophytes, the MTI represented the majority of the fungal community (72.4-91.2%), while the other two morphotypes, MTII and MTIII, represented only 6.9-15.2% and 0-9.4%, respectively. The relative abundance of MTI increased from POP1 to POP3, while that of MTIII decreased (Fig. 3) .
Phylogenetic analysis
About 980-, 860-, and 1500-bp portions of tubB, tefA, and actG, respectively, were sequenced for the representative isolates of MTI (Table 1) . Most of the sequences identified by BLAST in NCBI were from epichlo€ e strains. The representative epichlo€ e isolates were selected for phylogenetic analyses with the sequences obtained in this study. The tubB tree was based on 577 total characters, of which 339 were constant, 123 variable characters were parsimony uninformative, and 115 variable characters were parsimony informative. The tefA tree was based on 823 total characters, of which 437 were constant, 199 variable characters were parsimony uninformative and 187 variable characters were parsimony informative. The actG tree was based on 546 total characters, of which 302 were constant, 136 variable characters were parsimony uninformative, and 108 variable characters were parsimony informative.
Maximum parsimony phylogenetic analyses of the endophyte tubB sequences (Fig. 4a) showed that the MTI strains were closely related to Epichlo€ e bromicola. The isolates of MTI were grouped first and fell in the subclade 2A with Epichlo€ e isolates from Agropyron spp. (Poaceae) from Japan (A. ciliare and A. tsukushiense) and with an isolate from a Roegneria sp. (Poaceae) from China, and with E. bromicola (host: Agropyron repens, isolate: 0814/1) as the base. Then, the subclade 2A grouped with 2B which consisted of two E. bromicola from Bromus ramosus and Bromus erectus, and Epichlo€ e yangzii from Roegneria kamoji, forming a main clade with a bootstrap support of 91%. MP trees of the endophyte tefA and actG sequences were similar to those of tubB with the exception of the placement of Epichlo€ e elymi. Epichlo€ e elymi strains were in their own clade in the tubB tree (Fig. 4a ) and tefA tree (Fig. 4b ), but were in a subclade (1B) constituting a part of the clade 1 in the actG tree (Fig. 4c) .
The topologies of NJ trees (not shown) were consistent with MP trees. Full alignments of datasets were submitted to TreeBASE (Website: http://purl.org/phylo/treebase/phylows/study/TB2:S12959).
Discussion
Diversity of endophytes from L. chinensis
The diversity of endophytes in L. chinensis was found to be low. This may be explained by methods and material sources of isolation. We used the tillers as materials to isolate endophytes, because L. chinensis infrequently produce seeds in the field. In our field investigation, L. chinensis seldom tasseled and produced no seed. Our previous study in the same area in July 2003 showed that L. chinensis population allocated 131.52 g m À2 to vegetative shoot, while only 4.18 g m À2 to reproductive shoot (Liu, 2004) . Wang et al. (1999) also reported L. chinensis allocated as much as 20-40% of the total biomass to rhizome and vegetative shoot, while allocating less than 10% for sexual growth and less than 1.5% for seed. These implied that L. chinensis was vigorous in ramet propagation while weak in sexual reproduction. No stroma was observed in the field investigation, although a few stromata were found in the experimental garden. As a result, the endophytes in L. chinensis were mainly disseminated by accompanying the rhizomes and vegetative growth of the hosts in the field. This may result in the low diversity of the endophytes symbiosis with L. chinensis in the sampling area. A few stromata appeared on the plant harboring MTII in the experimental garden, but none was observed in the field. Although we identified MTII as Acremonium sp., there are no reports that the Acremonium spp. form stromata on the plants. In this sense, the MTII could be a new Acremonium species. Another possibility was that these stromata were produced by other fungi that colo- nized afterward. Tadych et al. (2012) reported that developing seedlings of Poa secunda subsp. juncifolia were infected when they were exposed to stromal conidia of Epichlo€ e poae. Considering the environment of the plant growth and its existence, MTI was considered to be the most likely candidate for the later colonizer, as both MTI and MTII can form symbiosis with L. chinensis in the same area. However, the stromata on this plant appeared Diversity and taxonomy of endophytes from Leymus chinensis to be different from those of the MTI in color and size. It was also possible that these stromata were produced by other fungi existing in different tillers of the same individual, as we only used one tiller per plant to isolate the fungi in the present study. In a study of Epichlo€ e sylvatica infecting the grass Brachypodium sylvaticum sampled at natural sites, Meijer & Leuchtmann (1999) found that the host plants could contain two or three endophyte genotypes in separate tillers.
MTI was dominant in the three populations within the Abaga Banner. More than three-quarters of the isolates we obtained were Epichlo€ e endophytes (MTI), and the rest were non-Epichlo€ e endophytes (MTII and MTIII). This was similar to the findings reported on other native grasses. For example, the fungal taxa that were observed to be associated with Achnatherum sibiricum, another native grass of Inner Mongolia steppe, were more than 10, while only two of them belonged to the Epichlo€ e, making up 92-95% of the fungal community (Zhang et al., 2009) . In Festuca arizonica, more than 400 different fungi were isolated, however, most of them were extremely rare and isolated only once; N. starrii and 13 other morphospecies comprised the majority of fungal taxa (Schulthess & Faeth, 1998) .
Identification of MTI endophytes from L. chinensis
Colonies of MTI fungal cultures raised from agar surface, white, cottony, mass of aerial hyphae. The reverse looked tan to pale brown. Their vegetative hyphae were hyaline, septate. Conidiogenous cells were hyaline, unbranched, orthotropic, and of phialide shape with a basal septum, producing just one conidium at each conidiogenous locus. The Conidia were hyaline, smooth, aseptate, ellipsoid, and lunate. Stromata were observed to form on the culms of the host, turning from white to orange after maturing. All these morphological characteristics of MTI were fairly similar to those of other Epichlo€ e species. Moreover, phylogenetic analyses supported that the strains of MTI had a close relationship with E. yangzii and Epichlo€ e strains from Agropyron species. While the endophyte E. yangzii was found in natural symbioses with R. kamoji native to China by Li et al.(2006) , Lembicz et al. (2010) found that E. yangzii and E. bromicola from Agropyron (A. intermedium and A. repens) and Bromus hosts formed a common mating population, implying that they were the same biological species. These results suggest that MTI isolates from L. chinensis are E. bromicola, symbiotic with another grass host in the tribe Triticeae.
Although the Epichlo€ e isolates from R. kamoji and L. chinensis are the same species, the differences between them should be noted. Stroma development was usually observed only on a few tillers from each plant, and the other inflorescence developed and produced seeds as usual. Seeds harvested from stromatized plants were also Epichlo€ e infected. This suggests that the isolates of Epichlo€ e from R. kamoji can be transmitted simultaneously vertically and horizontally (Li et al., 2006) , as type II infection proposed by White et al. (1993) . However, the isolates from L. chinensis were observed as type I infection when maintained in the experimental garden. This was consistent with the finding of White et al. (1993) that the percentage of EI plants which bear stromata varied between host species.
As shown in the phylogenetic analyses of tubB and tefA sequences, MTI isolates (E. bromicola) were closely related to one allele of each gene of Epichlo€ e liyangensis, which was found in symbiosis with Poa pratensis ssp. pratensis in Liyang, China (Kang et al., 2011) . Epichlo€ e liyangensis had interspecific hybrid origins, as indicated by two alleles of tubB and of tefA, with one allele of each gene clustering within EBY (E. yangzii and E. bromicola clade) and the other in ETC (Epichlo€ e typhina complex clade) (Kang et al., 2011) . This suggested that E. bromicola was one of the ancestors in the hybrid origin of E. liyangensis.
In the tribe Triticeae, two Epichlo€ e endophytes have been reported. One is E. elymi from Elymus spp. in North America (Schardl & Leuchtmann, 1999) , and the other is Neotyphodium sinicum which forms symbiosis with Roegneria spp. (Triticeae) native to China . The morphological characteristics, mating tests, and phylogeny analyses indicated a difference between E. yangzii (E. bromicola) and E. elymi (Li et al., 2006) . However, in the phylogenetic analyses of actG sequences, E. elymi was in a subclade (1B), basal to the clade 1 with E. bromicola. This may suggest that E. bromicola and E. elymi had a common ancient ancestor, but evolved divergently in the phylogeny later.
MTI isolates (E. bromicola) were rather similar to N. sinicum in morphological characters. However, sequence analyses of the tubB, tefA, and actG in all isolates of MTI identified only a single product, while N. sinicum was heterogeneous. The tubB, tefA, and actG haplotypes from MTI were similar to one of the corresponding two copies of N. sinicum. And the result of mating tests showed that isolates of N. sinicum were not conspecific with E. yangzii (E. bromicola) . Phylogenetic analyses by Kang et al. (2009) and the present study showed that N. sinicum was an interspecific hybrid of E. bromicola and E. typhina.
In conclusion, we studied the diversity of endophytes associated with L. chinensis, and identified the dominant morphotype (MTI) as E. bromicola. The phylogenetic definition of E. bromicola may be broadened in this sense.
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